The spin reversal of nanostructured Co/Pd multilayers by varying the number of repeats has been investigated quantitatively. The magnetization viscosity measurement and the direct observation of the time-dependent spin reversal patterns showed that their reversal behavior gradually changed from wall-motion dominant to nucleation dominant by increasing the number of repeats. Both the wall-motion speed V and the nucleation rate R of the samples were determined by a quantitative analysis of the time-dependent domain patterns. It was found that V was significantly decreased and R was increased by increasing the number of repeats, and the ratio of V/R was an important parameter of different spin reversal behavior.
I. INTRODUCTION
Spin dynamics of magnetization reversal in ultrathin ferromagnetic films and multilayers is currently of fundamental interest because the nature of spin dynamics in these systems plays a key role in determining their properties such as the shape of the magnetic domains and the coercivity. [1] [2] [3] It is also an important subject in high-density magnetic and magneto-optical recording since it governs the formation of the written domain size, irregularity, and stability. The collective motion of spin reversal dynamics in numerous systems has been reported to show quite contrasting behavior that occurs as a result of the counterbalance between the nucleation process and the wall-motion process. [3] [4] [5] [6] [7] [8] [9] [10] [11] Spin reversal behavior has been found to be very dependent on the conditions of the fabrication, 4 the composition of the alloy films, 5 the magnetic sublayer thickness, [6] [7] [8] and the total film thickness. [9] [10] [11] In this article, we have investigated the spin reversal of nanostructured Co/Pd multilayers by varying the number of repeats. The magnetization viscosity measurement and the direct observation of the time-dependent spin reversal patterns have been used to characterize these systems, and a quantitative analysis based on the time-dependent domain patterns 8, 9 was carried out to determine both the wallmotion speed V and the nucleation rate R of the samples.
II. EXPERIMENT
A series of (2 Å Co/11 Å Pd) n samples with nϭ5, 10, 15, 20, and 25 were prepared on glass substrates by e-beam evaporation by controlling the sublayer thickness to within a 4% accuracy at ambient temperature. 3 All samples in this study had perpendicular magnetic anisotropy and showed Kerr hysteresis loops of unit squareness. The samples had coercivities of 0.74, 1.24, 1.92, 2.30, and 2.19 kOe for the samples with nϭ5, 10, 15, 20, and 25, respectively.
Spin reversal from the saturated state was investigated under a reversed applied field near the coercivity of a sample using a magneto-optic Kerr microscope capable of 1000ϫ magnification with a numerical aperture ͑NA͒ objective of 0.9 and equipped with advanced digital video processing. 3 Serial domain images of 128 frames with 9 frames per second were obtained in real time for each sample. The image, composed of 200ϫ160 pixels with each unit pixel 164ϫ164 nm, was initially obtained in 256 gray levels and then intensified by noise filtering and black and white image extraction processes. Then the reversed domain area a(t) and the domain boundary length all l(t) of each image at time t were determined by counting black and white cells and the edge determining algorithm, respectively. 8, 9 The magnetization viscosity curve was also measured in time using the microscopic system at low magnification by averaging the intensity of the images and normalizing the intensities between the initially saturated state and the completely reversed state.
III. RESULTS AND DISCUSSION
Interestingly enough, reversal behavior in this system was found to be very sensitive to the number of repeats: The reversal behavior changed from a wall-motion dominant reversal to a nucleation dominant one by increasing the number of repeats n. In Fig. 1 we show the typical timedependent domain patterns during magnetization reversal in (2 Å Co/11 Å Pd) n samples of nϭ5, 10, 15, 20, and 25, respectively. The serial domain images were taken by the realtime observation system under an applied field, which yielded a half reversal time of 10 s. Areal expansion by the wall-motion process with time is clearly observed in the sample of nϭ5 shown in Fig. 1͑a͒ , while stripe growth by the nucleation process with time is seen in the sample of n ϭ25 shown in Fig. 1͑e͒ . The samples of nϭ10, 15, and 20 show gradual changes in reversal behavior from wall-motion dominant to nucleation dominant reversal by increasing the number of repeats, as shown in Figs. 1͑b͒-1͑d͒ , respectively.
The sensitive change in spin reversal behavior was again confirmed by the magnetization viscosity measurements. In Figs. 2͑a͒-2͑e͒ we show the magnetization viscosity curves of the samples of nϭ5, 10, 15, 20, and 25, respectively, under various reversed applied fields near the coercivity. The ordinate axis is normalized by the intensities between the initially saturated state and the completely reversed state, and the abscissa axis is normalized by the half relaxation time which is strongly dependent on the strength of the applied field. The normalized curves for a given sample are completely coincident with each other, but the curves between the samples are quite contrasting. The viscosity curve of the sample of nϭ5 shown in Fig. 2͑a͒ exhibits a slow decay initially but accelerates with time, whereas the sample of n ϭ25 shown in Fig. 2͑e͒ initially exhibits a fast decay and then slow down to an equilibrium state. The former type of curve is known to be a typical shape of thermally activated relaxation with a low nucleation rate and a fast domain-wall speed, while the latter is a typical behavior of thermally activated relaxation with a large nucleation rate and a slow domain-wall speed. 12 The samples of nϭ10, 15, and 20 show intermediate shapes of the curves that gradually change from a wall-motion dominant curve to a nucleation dominant one by increasing the number of repeats n, as shown in Figs. 2͑b͒-2͑d͒, respectively.
To better understand the contrasting reversal behaviors of those samples, the wall-motion speed V and the nucleation rate R of each sample were determined using the quantitative analysis technique recently developed by Choe and Shin 8, 9 that is based on the circular domain reversal model,
where s is the total area under examination, r 0 is the characteristic length of the nucleation, and aЈ(t) and lЈ(t) are the time derivatives of the reversed area a(t) and the domain boundary length l(t), respectively, measured from the serial domain patterns of the samples observed by the real-time microscopic system. The total area s was 16.4ϫ13.1 m 2 and the characteristic length r 0 was set to 82 nm corresponding to the unit pixel size observed. The values of the wallmotion speed V and the nucleation rate R of the samples are plotted in Fig. 3 . The wall-motion speed is found to decrease by increasing the number of repeats, whereas the nucleation rate increases by increasing the number of repeats. It is quite consistent with the experimental results of the direct domain observation and the magnetization viscosity measurement: the spin reversal changes from the wall-motion dominant behavior to the nucleation dominant one by increasing the number of repeats.
It is worthwhile to compare the present results with the previous one in Ref. 9 : the wall-motion speed and the nucleation rate are both decreased by increasing the number of repeats, but the change in the wall-motion speed is more sensitive than that in the nucleation speed for a reversed applied field of 80% strength of the coercivity for each sample. The overall speed in spin reversal is very strongly dependent on the strength of the reversed applied field and the field dependency is stronger in thicker samples. Thus, the overall reversal speed including both the wall-motion speed and the nucleation rate in the thicker sample is much slower than that in the thinner sample for a reversed applied field smaller than the coercivity of each sample. To avoid an error from the deviation of the overall reversal speed between the samples, the present analysis was carried out under a constant half reversal time of 10 s.
The ratio of V/R in the Co/Pd multilayer system was found to decrease by increasing the number of repeats as seen in Fig. 4 . By comparing the results in Fig. 4 with domain reversal patterns, one can see that the V/R ratio is an important parameter for different spin reversal processes: the wall-motion dominant process for larger values of V/R and the nucleation dominant process for smaller ones. It should be noted that the present ratio result is completely coincident with the previous one in Ref. 9 . Samples having ratios larger than 1 m 3 show wall-motion dominant reversal while samples having ratios smaller than 1 m 3 show nucleation dominant reversal. The ratio has a physical dimension of the volume which might be closely related to the Barkhausen volume or the minimum domain size. Even though the wallmotion speed and the nucleation rate are very sensitive to the strength of an applied field, the V/R ratio is quite independent of the applied field as shown in the inset of Fig. 4 . This implies that the activation volumes of wall motion and the nucleation rate are the same in thermally activated processes.
IV. SUMMARY
Spin reversal of nanostructured Co/Pd multilayers by varying the number of repeats has been investigated quantitatively. The magnetization viscosity measurement and the direct observation of the time-dependent spin reversal patterns showed that reversal behavior was changed from the wall-motion dominant reversal to the nucleation dominant one by increasing the number of repeats. The wall-motion speed V and the nucleation rate R of the samples, determined by a quantitative analysis based on the time-dependent domains patterns, were found to be a function of the number of repeats. The V/R ratio, found to be constant irrespective of the applied field near the coercivity of each sample, was an important parameter for different spin reversal behavior.
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